Purpose of Review To review the etiology, classification, presentation, evaluation, treatment strategy, and outcomes in overhead athletes with partial thickness rotator cuff tears. Recent Findings Despite advances in surgical repair techniques, return to play following surgical repair of partial rotator cuff tears remains modest at best. Summary Overhead athletes may be particularly prone to rotator cuff pathology due to the supraphysiological strains within the tendon during the throwing motion, as well as mechanical stress with contact between the undersurface of the rotator cuff and the glenoid. The true prevalence of partial tears may be underestimated given the high incidence of asymptomatic tears. Both dynamic ultrasound and enhanced contrast MRI have improved our understanding of this pathology. For most overhead athletes, nonoperative management is the most common course. Despite advances in imaging, diagnosis, and surgical techniques, our ability to return these patients to their elite level is modest at best when nonoperative management fails and surgical treatment is performed. If a surgical route is needed, debridement alone is the most frequent procedure given concerns of over constraint and poor return to play with surgical repair of the partial thickness rotator cuff tear.
Introduction
Rotator cuff pathology is a common etiology for pain and dysfunction in overhead athletes [1, 2] , particularly in baseball players who have the highest incidence of rotator cuff complaints, and is also the most common reason for lost time of play [3, 4] . While our understanding of the etiology and clinical diagnosis of this pathology becomes more precise with advances in radiographic imaging and diagnostic techniques, the true incidence in this population is likely underappreciated given the high incidence of asymptomatic tendinopathy and partial thickness tears [5•, 6-8] . Nevertheless, surgical treatment, particularly in those without full thickness tears, remains controversial given the variability in outcomes and lack of predictable recovery and return to pre-injury levels of play [2, 9•, 10-20] . What also confounds these outcomes is the high incidence of concomitant labral pathology, as well as the lack of certainty over the role of subacromial impingement. The purpose of this manuscript is to review the etiology, classification, presentation, evaluation, treatment strategy, and outcomes in overhead athletes with partial thickness rotator cuff tears.
Etiology
Historically, rotator cuff tears were thought to be a result of external or subacromial impingement [21] . In overhead athletes, advances in modern medicine have elucidated a multitude of factors that may play a role in rotator cuff pathology [22] [23] [24] . The high incidence of rotator cuff pathology in overhead athletes likely stems from the supraphysiological loads of up to 108% of bodyweight and humeral angular velocity upwards 7000°/s experienced during the throwing motion [25, 26] . The rotation of the arm during the throwing mechanism is the fastest recorded human movement. At the same time, studies of glenohumeral kinetics demonstrate up to 40% anterior joint This article is part of the Topical Collection on Injuries in Overhead Athletes translation during the late cocking phase and 80% body weight distraction on pitch delivery which may be additional contributory factors [26] . The resultant forces on the rotator cuff peak during follow through and deceleration and can lead to repetitive microtrauma on the relatively avascular tendon insertions, resulting in either articular-sided tears due to internal impingement or tensile failure due to overload of the rotator cuff itself [27] [28] [29] [30] [31] [32] . Internal impingement, first described by Walch, results when the posterior undersurface of the supraspinatus tendon impinges on the greater tuberosity insertion on the posterosuperior glenoid rim and typically occurs in overhead athletes in the late cocking and early acceleration phases of throwing ( Fig. 1) [32] . In athletes with appropriate training, conditioning, and moderation of maximum throwing velocity, the rotator cuff can function successfully and adapt without injury. Improper mechanics, fatigue, and overload from overtraining and maximum effort throwing can result in a sequence of microinstability, where the rotator cuff is unable to maintain the humeral head in a centered position on the glenoid leading to internal impingement, rotator cuff overload, and, in some athletes, partial to full thickness rotator cuff tears.
Partial Rotator Cuff Tear Classification
Codman first described the types of partial rotator cuff tears in 1934 [33] :
Articular-Sided Tears
The most common type of partial rotator cuff tears in overhead athletes is articular-sided injuries [27, [34] [35] [36] . These tears usually involve the posterior supraspinatus and superior infraspinatus [2, 6, 27, 37] . While internal impingement undoubtedly plays a significant role in the prevalence of articular-sided tears in these athletes, other explanations include the relative hypovascularity of the articular tendon as it approaches the humeral attachment, as well as the fact that the collagen fibers on the articular side of the rotator cuff may be more randomly oriented, resulting in a lower overall strength compared to the bursal side [24, 38, 39] . Snyder coined the acronym partial articular-sided tendon avulsions as "PASTA" lesions as a separate and unique clinical entity when discussing rotator cuff tear patterns [14] .
Intra-Tendinous Tears
A natural extension of Snyder's PASTA lesion was described by both Yamanaka, Fukuda, and Conway [2, 39, 40] . Conway separated a variation of a PASTA lesion into a tear where the footprint appears to be intact, but there is a partial thickness articular surface intra-tendinous lesion, and coined the term PAINT lesion for this pathology. Recent studies have demonstrated that this unique entity may require different fixation than standard partial or full thickness tears [2, 22] , although longer term clinical results and tendon healing studies are absent.
Bursal-Sided Tears
Bursal-sided tears are less commonly found in overhead throwers and young athletes. Typically, these are more associated with external or subacromial impingement [21] and seen in chronic degeneration affected by the aging process. Associated glenohumeral pathology is commonly seen associated with bursal-sided tears, just as it is common with articular-sided tears in overhead athletes.
Evaluation

History
A detailed history is necessary to evaluate any shoulder pathology; however, there can be a surprising range of variation in an overhead athlete's chief complaint with respect to labral Reprinted with permission from Burkhart et al. [3] and rotator cuff pathology. These complaints may range from chronic pain to decreased velocity to mild pain at the tail end of a game [18] . While the majority of complaints may be insidious in onset, the athlete may also experience a "pop" (which may represent an acute tear of the tendon or labrum). One may also assess the presence of prior shoulder symptoms such as instability, decreased pitch control, or early fatigue [12] ; however, the absence of these symptoms does not rule out rotator cuff pathology.
Physical Exam
Examination of shoulder pain in an overhead athlete can be difficult given a strong association with concomitant pathologies. A standard shoulder exam should begin with a cervical exam to rule out underlying referred or radicular pain. Inspection of the shoulder girdle muscles is performed to identify atrophy in the supraspinatus or infraspinatus fossa. Additionally, the presence or absence of scapular dyskinesia should be carefully inspected as this may result from chronic shoulder injury or underlying neurologic injury. Specific palpation of various structures such as the acromioclavicular joint and biceps tendon is also required; posterior tenderness may indicate infraspinatus or intra-articular pathology.
All components of the rotator cuff including supraspinatus, infraspinatus, teres minor, and subscapularis are examined with tests designed to better isolate their function. Weakness in external rotation may suggest infraspinatus involvement, while subscapularis can be tested with the bear hug, belly press, or lift off signs. True assessment of the supraspinatus requires adequate scapular stabilization and the arm in a position outside of the impingement zone, such as the described champagne toast test [41, 42] . Impingement signs such as Neer and Hawkins may be positive; however, these signs are less specific for isolated rotator cuff pathology [43, 44] . The classic "shrug sign" which usually depicts weakness of the rotator cuff may be present when a patient elevates their scapula during shoulder abduction particularly in full thickness tears [45] . A lag sign may also be present in overhead athletes with an acute contusion or tear of the supraspinatus [46] . In many cases, overhead athletes may have preservation of their strength; however, those with partial tears may have pain with specific testing of their rotator cuff function.
Overhead athletes typically have a unique adaption of their range of motion of their dominant throwing arm; this usually results in an increase in external rotation at 90°of abduction, often beyond 100°of external rotation, and a relative decrease in internal rotation. When the loss of internal rotation compared to the contralateral side exceeds 25°, this deficit is termed glenohumeral internal rotation deficit (GIRD), which is also commonly associated with internal impingement [47] . However, since the throwing shoulder will undergo adaptive changes with increased retroversion of the glenoid, the difference in internal rotation between shoulder may be substantial but normal. Another assessment of the loss of motion that may be even more predictable for the risk of future injury is the change in the total arc of motion when compared to the contralateral shoulder motion.
Specific tests for internal impingement include the internal impingement sign, modified relocation testing, or internal rotation resistance testing [48] [49] [50] . As partial tears can often develop in the presence of posterior capsule contracture and superior translation of the humeral head, it is often difficult to distinguish on physical examination between pure internal impingement and internal impingement with concomitant partial rotator cuff tears.
Imaging
Plain radiographs are standard in the initial evaluation of any shoulder pathology. While the sensitivity of plain radiographs for rotator cuff pathology may be low, subtle signs may be elucidated. These include cystic or sclerotic changes in the tuberosity as well as evaluation of the acromial morphology on the outlet view [51] . The critical shoulder angle which relates to the relationship of the lateral acromion and glenoid may also provide the suggestion of rotator cuff problems. Notching and cystic changes have been associated with articular-sided rotator cuff tears; however, the absence of these signs does not preclude the presence of rotator cuff pathology.
Magnetic resonance imaging (MRI) has become the most widely used method of diagnosing rotator cuff pathology, with excellent sensitivity in the diagnosis of full thickness tears. The ability of MRI to distinguish between partial thickness tears and tendinosis, however, can be challenging. While some studies have reported a high sensitivity and specificity for diagnosing partial tears, others have reported an equally high rate of false negative with arthroscopically proven partial articular-sided rotator cuff tears [52] [53] [54] . In these cases of uncertainty, MR arthrogram (MRA) particularly with the arm and abduction and external rotation may add significant diagnostic value to the detection of partial undersurface and intra-substance tears (Fig. 2) [10] . In fact, the authors recommend the abduction external rotation series in all overhead athletes, with or without intra-articular injection, to better evaluate the area of potential internal impingement. Nevertheless, definitive diagnosis using MRI must be met with a degree of caution, as many studies have demonstrated a high incidence of asymptomatic MRI diagnosed rotator cuff tears in overhead athletes [1, 5•] . Even the tears that are mildly symptomatic are usually clinically irrelevant as the athlete does not experience enough pain or impaired ability to desire surgical treatment. Additionally, when obtained too acutely, there may be artificial rotator cuff signal in overhead athletes suggesting a more significant zone of injury that does not resolve back to baseline until almost 1 week after competition [18] .
While some studies have suggested that ultrasound may be as sensitive and specific as MRI in the detection of rotator cuff pathology, the effectiveness is user operator-dependent [6, 55, 56] . For practical purposes and consistency of evaluation, MRI remains the gold standard for imaging the rotator cuff tendon, muscle, and surrounding structures. MRI has a strong benefit in the ability to assess other concomitant pathology, including the presence or absence of labral or biceps pathology.
Treatment Strategy
Nonoperative treatment is indicated for the initial treatment of partial rotator cuff tears in overhead athletes. Many partial tears are asymptomatic in overhead throwers, and the tears that do result in symptoms are often effectively treated without surgical repair. Furthermore, surgical repair of rotator cuff tendons in overhead athletes fails to return them to the same level of performance in more than 50% of the cases. The frequent improvement with nonoperative management as well as the high failure of return to same performance helps to focus the treatment on a variety of nonoperative principles such as reestablishing normal range of motion, strengthening the entire kinetic chain, scapula dyskinesia prevention, and adjustments in pitching mechanics.
Nonoperative treatment begins with a cessation from all throwing activities, anti-inflammatory medication for pain control, and physical therapy with an emphasis on range of motion and rotator cuff strengthening. Internal rotation deficits and posterior capsule contractures can be addressed with the sleeper stretch as well as cross-body adduction in variable planes [3] . Once shoulder symptoms improve, which may be facilitated with a corticosteroid injection at times, physical therapy can progress to a sports-specific training program, as well as initiating an interval throwing program with sportspecific movements. Duration of nonoperative therapy typically lasts 2-3 months when successful at resolving the presenting symptoms and may depend on level of play that the athlete wishes to return to [57] .
Operative management is reserved for overhead athletes that have failed well-organized, consistent, nonoperative management. However, prior to operative management, an extensive discussion between the athlete and surgeon must take place given the moderate rates of return to throwing at preinjury levels and elite performance [57, 58•] . Options for operative management of partial rotator cuff tears include both debridement and repair. Concomitant procedures include subacromial decompression and/or labral work may also be required, and while they may be anticipated based on preoperative assessment, the final decision typically comes at the time of the thorough arthroscopic evaluation of the glenohumeral joint and subacromial space. Ultimately, patient age, tissue quality, depth and involvement of the tear, and surgical experience come into play when finalizing the surgical plan. A repair may be indicated in any symptomatic full thickness tears and partial tears exceeding 75% of the tendon thickness [18] . Given some of the unpredictability involved with surgical repair, all options should be discussed and explanations based on evidence-based medicine should be given. Debridement of partial thickness tears should be the primary default pattern of the surgeon who cares for these athletes as frequently this resolves their pain and allows them to return to their sport at a higher level than athletes who have a surgical repair of the torn tendon. Clear and accurate explanations of the pathology, the treatment, and the expected outcomes in these elite athletes lead to the best satisfaction postoperatively. In caring for athletes involved in a professional or collegiate team, or other high-level competition, discussion with the player's trainers, coaches, and agents is necessary before embarking on surgery.
Arthroscopic Debridement
Debridement of loose flaps or irregular tendon edges not only can remove tissue that generates pain but also allow assessment and evaluation of the full extent of the tear. Articularsided tears are typically debrided with a mechanical shaver to remove all unhealthy tissue. When intra-tendinous extension (PAINT lesion) is present, more extensive debridement may be also required to allow for healing of the delaminated tissue. After debridement from the glenohumeral side is completed, a suture should be placed through the partially torn tissue for easy localization of the tear from the bursal side. An 18-gauge needle is advanced through the skin at the lateral edge of the acromion, through the deltoid, and then through the affected Fig. 2 Intra-tendinous partial thickness rotator cuff tear in 90°of abduction and external rotation. Reprinted with permission from Brockmeier et al. [10] area of the rotator cuff tendon while visualizing from the articular surface. An absorbable colored suture is passed through the needle and out of the anterior portal. The procedure is then progress to the subacromial space and the suture is identified and protected during the bursectomy. An effort is made to achieve a "room with a view," establishing a presence in the center of the bursa, which helps to avoid unnecessary debridement and possibly cutting the suture. If clear evidence of mechanical impingement is present in the subacromial space such as bursal-sided abrasion to the rotator cuff tendon, an acromioplasty is performed. If a full thickness tear is not identified, or more than 25% of the tendon remains on the bursal side, no repair is performed. Again, the default should be towards debridement and not repair in the majority of partial thickness rotator cuff tears in the overhead athlete.
Arthroscopic Repair of Partial Thickness Rotator Cuff Tears
Concerns for tear progression and modest outcomes after arthroscopic debridement may incline both surgeons and players to pursue operative repair of partial thickness rotator cuff tears after failed nonoperative therapy, or after failure to achieve the expected results with a previous arthroscopic debridement. Partial thickness tears of greater than 75% are typically repaired [18] ; however, it is well-known that some high level professional pitchers continue to be effective despite documented full thickness rotator cuff tears [18] . In the general population, the 50% threshold has been typically cited for deciding between debridement and repair, with tears involving less than 50% of the tendon footprint being debrided and tears involving greater than 50% of the tendon footprint generally requiring repair. The evidence for this criterion is weak, and based on our experience with an athletic population, we routinely treat partial thickness rotator cuff tears with debridement, unless they are > 75% or demonstrate a large intratendinous component which is usually identified on preoperative MRI and confirmed at the time of arthroscopy. This threshold is lower for bursal-sided tears which often have a mechanical component such as clicking or catching with the arm abducted [15] . Given the tendency to constrain the joint with classic repair techniques, a threshold of 75% has been suggested for repair in overhead athletes [18] . The decision to perform a repair in this setting may be influenced by an athlete's age and other coexistent pathology.
We suggest an arthroscopic approach to repair partial tendon tears given the lower risk of stiffness and improved ability to recreate the anatomic footprint. For most partial tears that require repair, we perform a transosseous equivalent double row repair, which has demonstrated both increased strength and improved footprint coverage with resistance to cyclic loading compared to standard single row techniques (Fig. 3 ) [59] . Furthermore, although clinical outcomes are generally the same as single row repairs, there is a strong tendency towards a higher tendon-to-bone healing rate with double row repairs, which is a principle goal of the procedure. An important technique tip for repair techniques in overhead athletes is to avoid the tendency to over constrain the joint, as subclinical loss of range of motion, particularly in external rotation, may significantly affect return to play and ability to perform throw overhead. With tears in the zone of internal impingement at the posterior supraspinatus-anterior infraspinatus junction, the repair is performed in the area of the exposed lateral footprint, not immediately adjacent to the articular edge which can constrain motion. Tear completion is performed if a bursal-sided injury that is 90% or more of the tendon is found; a double row transosseous equivalent is our preferred method of fixation. However, for smaller thickness bursal-sided tears where the articular capsule and articular side of the tendon remain intact, this will act as the medial row fixation so that only a single row repair of the remaining tendon is performed. For articular-sided injuries, the bursal side may be kept intact as a checkrein to avoid over constraint, and a transtendon technique can be performed where only the articular-sided fibers are advanced to repair the articular footprint. Since most surgically repaired articular-sided tears are 75% of the thickness or greater, often, the best strategy for secure repair is to complete the tear and perform a double row transosseous repair, which we prefer to do with a knotless technique. For intra-tendinous tears, delaminated layers may be plicated and then advanced using suture anchors.
Treatment Outcomes
Outcomes after debridement for partial thickness tears are generally successful in alleviating symptoms in nonthrowing athletes [14, 15] . For high level overhead athletes, the results are not predictable. While there may be a high level of satisfaction of up to 85-90% with daily pain relief and return to activities, the results for overhead athletes remain undesirable. Return to sport rates can be 75% or greater, but return to pre-injury level of performance is usually less than 50%. For professional pitchers, only 45-76% return to prior level of play has been achieved, with most studies towards the lower rate [13, 19, 20] . Reynolds et al. evaluated 82 professional throwers treated with debridement alone for partial thickness rotator cuff tears [13] . In this study, they demonstrated 76% return to Major League Baseball play, but only 55% returning to their prior level of performance. In another study, Payne et al. reported on 43 young overhead athletes who underwent debridement for partial rotator cuff tears [20] . At 2-year follow-up, they reported only 45% return to pre-injury sports.
Similarly, while the results of partial tendon repair have been excellent in the general population, the results have not been universally positive in the overhead athletes. Rates of return to sports have ranged from 33 to 89% [2, [16] [17] [18] . Ide et al. reported a 33% return to same or higher level of play in six overhead athletes who underwent transtendinous repair [16] . Conway et al. had improved success with 14 elite throwers following repair of their partial tendon tears, with 89% returning to their previous level of play [2] . This level of success in elite throwing athletes has not been achieved in all other studies.
Conclusions
The prevalence of partial rotator cuff pathology in overhead athletes is common, with many athletes competing with partial thickness rotator cuff tears. Those athletes with partial thickness tears that become symptomatic and fail nonoperative treatment may be candidates for surgery, although this path should be reluctantly followed with most efforts at treatment focused on nonsurgical options. Typically, debridement is reserved for patients with less than 75% involvement of the tendon. Repair may be indicated for patients with greater than 75% of tendon involvement. Unfortunately, the return rates to the same level of performance following arthroscopic repair are modest at best for elite overhead athletes. Thus, an extensive discussion of the risks, benefits, and likelihood of return to pre-injury level of play must be done preoperatively. Further research is needed to develop better strategies for preventing symptomatic partial thickness rotator cuff tears, as well as better tools to diagnosis and treat this unique patient population with the goal of returning them back to their preinjury level of competition and performance. All other authors declare that they have no conflict of interest.
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